The dynamics of photo-generated electron-hole pairs in solids are dictated by many-body interactions such as electron-electron and electron-phonon scattering. Hence, understanding and controlling these scattering channels is crucial for many optoelectronic applications, ranging from light harvesting to optical amplification. Here we measure the formation and relaxation of the photo-generated non-thermal carrier distribution in monolayer graphene with time-and angleresolved photoemission spectroscopy. Using sub 10fs pulses we identify impact ionization as the primary scattering channel, which dominates the dynamics for the first 25fs after photo-excitation.
INTRODUCTION
The study of non-equilibrium electronic phenomena impacts many areas of research and technology, from photo-chemical reactions to the efficiency of optoelectronic devices such as lasers [1] and solar cells [2] [3] [4] [5] . Furthermore, thermalization and cooling dynamics of nonequilibrium carriers reveal important information about the relevant microscopic many-body interactions [6] [7] [8] [9] [10] [11] [12] .
In this context, graphene -a zero-gap semiconductor with a conical band structure [13, 14] -is of interest due to its peculiar optical properties. Like in conventional semiconductors, strong optical excitation results in a population-inverted state [15] [16] [17] [18] [19] [20] . On the other hand, photo-generated electron-hole pairs in a conventional semiconductor typically relax by Auger recombination [21] [22] [23] [24] , a process that is strongly suppressed in photo-excited graphene due to the abence of occupied states at the bottom of the conduction band. Hence, in contrast to conventional semiconductors, primary thermalization events in graphene are dominated by impact ionization [25] [26] [27] [28] , where the excess energy of the photo-excited electron is used to generate additional electron-hole pairs.
Here we investigate the buildup and decay of non-thermal carrier distributions in monolayer graphene after photo-excitation. We study these dynamics in different excitation regimes with time-and angle-resolved photoemission spectroscopy (tr-ARPES).
For short pump pulses of durations below 10fs, absorption saturates at relatively low fluences as the density of states around E D − ω pump /2 is depleted and the corresponding states around E D + ω pump /2 are occupied (E D is the energy of the energy of the Dirac point), with negligible relaxation during the pulse. In these conditions, the non-equilibrium electronic distribution offers a large phase space for impact ionization [25] [26] [27] [28] , which leads to a rapid accumulation of charge carriers at the bottom of the conduction band (Fig. 1a) .
For longer pump pulses of durations of severals tens of femtoseconds, ultrafast electronelectron scattering events quickly redistribute the photo-excited electrons at E D + ω pump /2 and holes at E D − ω pump /2, allowing for a much larger number of carriers to be excited.
Once these carriers reach the Dirac point, they presumably relax by Auger recombination (Fig. 1b) [15, 18, 19] and phonon emission [29] [30] [31] [32] [33] .
EXPERIMENTAL METHODS
Time-and angle-resolved photoemission experiments have been performed at Artemis at the Central Laser Facility in Harwell, UK. The tr-ARPES setup is based on a 30fs-1kHz
Titanium:Sapphire (Ti:Sa) laser system. Extreme ultraviolet (XUV) probe pulses were generated by high order harmonics generation (HHG) in argon. From the resulting broad XUV spectrum ω probe =30eV was selected with a time-preserving grating monochromator [34] .
Near-infrared pump pulses at ω pump =950meV were generated with an optical parametric amplifier. The cross correlation between the 950meV pump and the 30eV probe pulses was σ=35fs (FWHM=80fs), determined from the width of the rising edge of the pump probe signal. In order to improve the temporal resolution of the tr-ARPES experiment, <10fs infrared pulses were generated by broadening the output spectrum of the Ti:Sa laser system in a neon filled fiber and compressing the pulses using chirped mirrors [28] . These pulses were then used both as a pump and for HHG resulting in a temporal resolution of σ=9fs (FWHM=21fs).
Hydrogen-intercalated monolayer graphene samples were grown on 6H-SiC(0001) as described previously [35] . Due to charge transfer from the substrate the graphene layer is hole-doped with the chemical potential ∼200meV below the Dirac point.
RESULTS

Figure 2a shows electronic distribution functions measured with a temporal resolution
of σ=35fs for various pump-probe delays before, during, and after photo-excitation at ω pump =950meV. We measured the photocurrent along the ΓK-direction in the vicinity of the K-point of the hexagonal Brillouin zone. Due to the linear slope of the π-bands, electronic distribution functions can be simply obtained by integrating the photocurrent over momentum [18, 19, 36] . At negative delay the data can be nicely fitted with a Fermi-Dirac distribution indicating a thermal carrier distribution. In the presence of the pump pulse a strong bump develops above the Dirac point (dashed line in Fig. 2a) indicating the presence of non-thermal carriers (NTCs). The number of NTCs as a function of pump-probe delay, determined from the area of the residual between Fermi-Dirac fit and data, is shown in Fig.   2b . From an exponential fit to the data we obtain a relaxation time of the NTCs of 250fs.
When using <10fs pump pulses at ω pump =1.6eV instead (see Fig. 3 ), the maximum number of NTCs is smaller and their lifetime shorter (95fs) compared to excitation with long pulses.
In Fig. 4 we take a closer look at the primary scattering events that contribute to the buildup of the NTC distribution at the bottom of the conduction band. The ultrafast few-femtosecond dynamics in graphene are expected to be dominated by different Auger processes, in particular by Auger recombination and impact ionization [25, 26] . These processes can be easiliy distinguished by measuring the number of carriers inside the conduction band, N CB , as well as their average kinetic energy, E CB /N CB , in a tr-ARPES experiment [28] .
Auger recombination (Fig. 1b) decreases N CB and increases E CB /N CB . The inverse process, impact ionization (Fig. 1a) , increases N CB and reduces E CB /N CB . The available phase space dictates which one of these two processes dominates the carrier relaxation [25, 26] . With a temporal resolution of σ=35fs (Fig. 4a) , N CB and E CB /N CB seem to increase with the same time constant making a distinction between Auger recombination and impact ionization impossible. Thus, we repeated the measurement with a better temporal resolution of σ=9fs (Fig. 4b) [28] . For the first 25fs after photo-excitation, we observe an increase of N CB while E CB /N CB is already decreasing, clearly indicating the dominance of impact ionization over Auger recombination.
DISCUSSION
From Fig. 4 it is obvious that Auger scattering in photo-excited graphene during the early stages of carrier relaxation is extremely fast, ≤25fs. Impact ionization rapidly accumulates carriers at the bottom of the conduction band, assisting the buildup of the observed NTC distribution as illustrated in Fig. 1a . The total number of NTCs in the present experiment is determined by the pump pulse duration. The employed pump fluences (20mJ/cm 2 for the short pulses, 4.6mJ/cm 2 for the long pulses) are in the regime where the absorption saturates [37, 38] . In this case, we expect a higher number of excited carriers for long pump pulses, because the states that are depleted by the pump pulse are constantly refilled by electron-electron scattering while the pump pulse is still on.
The decay mechansim for the NTC distribution is sketched in Fig. 1b . Once the carriers have accumulated at the bottom of the conduction band, their relaxation is dominated by
Auger recombination with a minor contribution of optical phonon emission [15] . Compared to the ultrafast buildup of the NTC distribution via impact ionization on timescales shorter than 25fs, its lifetime of 250fs and 95fs for long and short pump pulses, respectively, seems long. This can be understood as follows. Once the carriers have accumulated close to the Dirac point where the density of states and thus the available scattering phase space is small, Auger scattering is slowed down resulting in the observed timescale on the order of 100fs.
Further, the lifetime of the NTC distribution is found to depend on the number of NTCs that have accumulated at the Dirac point. This indicates that the carriers pass through the Dirac cone at a constant rate.
CONCLUSION
In summary, we have tracked the buildup and decay of non-thermal carriers after optical interband excitation in monolayer graphene with tr-ARPES. Using <10fs pulses we have identified impact ionization as the primary scattering channel during the first 25fs after photo-excitation [28] . Once the carriers have accumulated at the bottom of the conduction band they relax via Auger recombination [15, 18, 19] . The lifetime of the NTC distribution was found to be on the order of 100fs, with longer lifetimes for a higher number of NTCs, indicating a constant relaxation rate through the Dirac point. The number of NTCs in the present high fluence regime is determined by the pump pulse duration. For long pump pulses (several tens of femtoseconds) the excited electrons are redistributed by ultrafast electronelectron scattering wihtin the pulse duration, reducing absorption bleaching and allowing for a much bigger number of photo-excited carriers compared to short pulses (<10fs).
High fluence excitation with long pump pulses, the same as the one in Fig. 2 , has been shown to result in a population-inverted state with potential applications in TeraHertz lasing [18, 19] . Further, impact ionization in principle allows for efficient light harvesting, as the absorption of a single photon may generate multiple electron-hole pairs [25] [26] [27] [28] 39] . However, the absence of a band gap in graphene makes the separation of electrons and holes difficult and solar cell applications unlikely.
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